Abstract-There have been a number of papers written about estimating the budgetary cost of superconducting magnets based on the magnet stored energy, magnetic induction times field volume, or the magnet coil and cryostat mass. The cost equations were based on using Nb-Ti as the superconductor. In all cases, a portion of the cold mass was devoted to carrying the magnetic forces. The cost equations could be applied to Nb-Ti cable in conduit magnets, because conduit is a part to the force carrying structure. This paper explains the factors that are involved that influence a cost estimate for magnets fabricated with other conductors such as Nb 3 Sn, MgB 2 , BSCCO, and second-generation ReBCO tapes. All of these conductors will add to the cost of the magnet because the conductor cost per ampere-meter is higher. In a number of cases there is a reaction and special insulation step added to the process of magnet fabrication. All of these conductors are much more strain sensitive than Nb-Ti, which can also add to the magnet cost. The effects of field orientation on conductor critical current and quenching will likely increase the magnet cost as well. The unknown factor is the cost of uncertainty and project delay.
I. INTRODUCTION
T HE advantage of superconducting magnets is the lack of resistance in the magnet coils. The power supply doesn't supply any power to the magnet coil when the magnet is operating at a constant current. The fact that a magnet is superconducting doesn't mean that no power is needed to operate the magnet. There are examples of papers in the literature that ignore the power that is required to operate a superconducting magnet. Some of the claims of high efficiency are exaggerations as a result of ignoring the real costs of operating a superconducting magnet system [1] .
Superconducting magnet systems are adopted; 1) when the life cycle cost (capital cost, maintenance and operating cost) of a superconducting magnet system is less than the cost of resistive or permanent magnet systems or 2) when a superconducting magnet system is the only way to achieve the desired objective. Accelerator magnets are an example of the first reason.
Magnets used for MRI, NMR or fusion are examples of both the first and second reasons for adopting superconducting magnets. Building a magnet to model and determine the cost of a magnet system is also a valid reason for building superconducting magnet systems. This is the reason for building test components for the electric power industry. This may be the only way for superconductivity to gain acceptance in the electric power industry.
In physics, the operating cost is often ignored as long as the magnet systems are reliable. It turns out that Nb-Ti magnets used in accelerators cost less to operate than resistive magnets. The operating costs of machines like the LHC at CERN would be prohibitive, if the magnets were not superconducting. This is true for detector magnets and magnets used for fusion. If one changes the superconductor in the magnets from Nb-Ti, the magnet capital costs will change considerably. The operating costs at the magnet power supply won't change very much. Refrigeration costs can be lower for MgB 2 and HTS magnets, but not as low as many believe [1] .
MRI and NMR magnets are successful because the magnetic field produced by a superconducting magnet is very uniform over the required field volume and the field changes are almost imperceptible over time. The field in an MRI magnet must be uniform in time is better than one part in ten million over a period of one hour. This is better performance than any resistive or permanent magnet. The operating cost of an MRI or NMR magnet may be of secondary importance.
In the electric power industry, there are viable wellunderstood resistive conductor solutions for components in the power grid. The superconducting grid elements are often more expensive in capital cost. Superconducting power grid elements, such as superconducting fault current limiter, can be the best solutions regardless of their cost. In most cases, the life cycle cost of an electrical grid element should be the deciding factor as to whether the use of superconducting components is viable economically.
II. NIOBIUM-TITANIUM MAGNET CAPITAL COST
There have been a number of papers written concerning the cost of fabricating superconducting magnets [2] , [3] . The most recent paper was written 2007 [3] . Between 2007 and 2016, magnet fabrication costs have escalated ∼20 percent based on the producer price index. The materials that make up superconductors have gone up >25 percent since 2007. Since the superconductor is <20 percent of the magnet capital cost, the 0.6 . C is the magnet cost in M$, and E is the magnet stored energy in MJ. The equation above applies for only Nb-Ti magnets. There is a lot of scatter in the cost data especially at low stored energies where containing magnetic forces is not a dominant factor. The fit appears to be good in a log-log plot, but the scatter band is still very large. Part of the problem is that different organizations do their accounting differently. Many "clients" would prefer tighter estimates than the scatter shown in these figures. This subject needs further discussion. Fig. 2 shows the 2007 cost of detector magnets as a function of the magnet design stored magnet energy. Most of the magnets in Fig. 2 are solenoid magnets. The fit line in Fig. 2 is closer to the actual costs at higher stored energies. A reason for this may be that more of the solenoid material is involved in carrying the magnetic forces. As with Fig. 1 , if one wants to convert the data to 2016 costs, one must multiply the cost by 1.25. The period between 2007 and 2016 has been a low inflation period in the United States. Unlike some of the magnets in Fig. 1 , there is no iron within the magnet cryostat in Fig. 2 . For the most part, the magnetic force carrying material for the magnets in Fig. 2 is aluminum rather than stainless steel. Most of the cryostats for these magnets are also fabricated from aluminum. Another factor in all the magnets in Fig. 2 is that the flux is either returned by iron or the magnets are toroids. In both cases, there isn't significant magnetic stored energy outside of the coils form the region where the field is needed. The 2016 cost C for detector magnets shown in Fig. 2 as a function of stored energy E takes the following form;
0.69 . The amount of superconductor in a coil is a function of the number of ampere turns needed to generate the field time the average length of each turn. One has to know the peak field within the conductor and then one must decide what the operating margin is along the magnet load line. In Nb-Ti magnets, there is a trade off between the amount of conductor used and the reliability of coil performance. This is also true when other conductors are used. With Nb-Ti, the conductor cost is rarely over 25 percent of the magnet capital cost.
The cost of other superconductors is higher than the cost of Nb-Ti, where Nb-Ti is the conductor of choice. With the other superconductor types, there are other circumstances that can affect the cost. These factors include; 1) the cost of the materials that make up the conductor, 2) the cost of the material processing as the conductor is produced for magnet winding, 3) the cost of the conductor reaction after magnet fabrication (if this applies), and 4) the cost of insulating the magnet after the conductor is reacted (if this applies).
III. FACTORS THAT AFFECT THE COST OF NB 3 SN MAGNETS
Nb 3 Sn, an inter-metallic A-15 compound, was the first type II superconductor indentified by Kunsler in 1961 [4] . Type II superconductor behavior had been observed in 1935 [5] , but it wasn't identified as being different. It was well known that cold worked niobium had a higher critical field. The reason for this was not understood. A theory for two types of superconductors was postulated by Ginzberg and Landau in 1950 [6] . What made Kunzler's paper different was the high critical temperature observed (∼18 K) and the higher critical field observed (>20 T). This lead to an explosion in research in applied superconductivity in the United States and Europe in the 1960's LBL fabricated its first superconducting magnet from Nb 3 Sn in late 1961 or early 1962 [7] . This was a small magnet with a bore of <10 mm and a length of ∼15 mm. The magnet developed ∼5 T, but the conductor in the magnet was very unstable. The brittle nature of the conductor was very unpleasant from the standpoint of attaching leads. As a result, much of LBL's early efforts were devoted to magnets made from Nb-Zr and Nb-Ti [8] .
Compared to Nb-Ti, Nb 3 Sn is far from an ideal conductor. The potential advantages of Nb 3 Sn are its high critical temperature (∼18 K) and its high H C 2 (∼27 T). In recent years the current density in the non-copper parts of the conductor is ∼3000 A mm −2 at 12 T and 4.2 K for powder in tube conductor and ∼1200 A mm −2 at 12 T and 4.2 K for a fine filament bronze diffusion processed conductor (like some of the ITER conductor). Having a small amount of Tantalum or Titanium in the conductor improves the performance of the Nb 3 Sn.
Nb 3 Sn has a lot of problems; 1) Nb 3 Sn must be reacted at temperatures up to ∼650 C for a long time (up to one week), before it can be used. The reaction process can be a real problem if a coil made from Nb 3 Sn is reacted after winding.
2) The Nb 3 Sn superconductor is brittle after it has been reacted. This is true of all A-15 conductors. 3) Nb 3 Sn has a shorter coherence length than Nb-Ti, which makes the fabrication of persistent joints more difficult but not impossible. 4) The J C of Nb 3 Sn is sensitive to strain as well as temperature and magnetic field [9] . Nb-Ti has very little strain sensitivity even when the conductor is strained by as much as 3 percent. 5) Nb 3 Sn conductors often have a low Cu content and the RRR of the Cu is often too low for good conductor stability at low fields. 6) In tape form Nb 3 Sn is anisotropic. Tape conductor develops large magnetization currents when the field is perpendicular to the tape [10] .
The basic fabrication cost of manufacturing Nb 3 Sn conductor in tape form or in multi-filamentary form is roughly three times that of Nb-Ti [10] , [11] . Niobium makes up most of the superconductor and other materials such as tantalum make up barriers in the conductor. These materials are expensive compared to copper and tin. The Nb 3 Sn in a tape conductor is produced as part of the manufacturing process. For internal-tin conductors, the bullet size is limited by the tin melting as the billets are extruded. This means the conductor is made as a many strand cable or the billets must be stacked more than once. This adds to the conductor base cost. Diffusion process billets extrude and draw more like Nb-Ti. Few multi-filament Nb 3 Sn conductors are insulated and wound after reaction, so the reaction and insulation processing must be added to the magnet cost.
We compared the cost of the least expensive 1968 Nb 3 Sn tape with the least expensive 1968 Nb-Ti in terms of the price per kA-m at 5 T and 4.2 K. The RCA 1200 A tape was $8.75 per kA-m (in 1968 dollars) and the Supercon 15-30 Nb-Ti was $3.80 per kA-m (also in 1968 dollars) [10] . Nb-Ti in 2016 cost $2.70 per kA-m in current dollars at 5 T and 4.2 K [12] . The cost of LHC strand is about the same in 2016 dollars [11] .
In 2016, virtually nobody makes Nb 3 Sn tape. Bronze process conductors with fine filament are made in 2016, and so are powder and tube conductors that have a higher J C and larger filament size. Large filament size and high J C affect conductor magnetization. The J C of Nb 3 Sn at 5 T and 4.2 K is ∼2.4 times the J C at 12 T at 4.2 K. Below 5 T the ratio of J C (B)/J C (5) is nearly the same as it is for a typical Nb-Ti conductor [13] . Field errors due to magnetization are likely to be worse when Nb 3 Sn than for Nb-Ti at a given field.
At 5 T and 4.2 K, the cost of RRP type of Nb 3 Sn conductor is ∼$11 per kA-m. At 12 T at 4.2 K the cost goes up to ∼$26. per kA-m, and 15 T the cost goes up to ∼$34 per kA-m. There are conductors that may be a little cheaper, but the conductor will have filaments that are too large by at least a factor of five. The conductor cost given here doesn't include the cost of cabling the conductor, insulating the cable, heat treating to form the Nb 3 Sn in the magnet, potting the magnet coils and connecting the leads within the magnet. When one compares this Nb 3 Sn at 4.2 K to the LHC Nb-Ti conductor at 2 K, the cost is much higher at 9 T than the cost of the LHC conductor. One could argue that if Nb 3 Sn is the only technology that works, one should use this conductor. In magnets such as the LARP quadrupoles for the LHC upgrade, one can make a case for using Nb 3 Sn [14] . The use of Nb 3 Sn increases the cost of the magnet even at low fields. Below 10 T, Nb 3 Sn has lower quench velocities than Nb-Ti [15] . It is harder to protect the magnet during a quench. In the types of magnets that have field uniformity issues at low fields, Nb 3 Sn may be a problem. When estimating the cost of a Nb 3 Sn magnet, one must include the cost of all of the added steps. One could argue that the development cost should be included as well.
In large projects with large numbers of wind and react magnets, the capital cost of the reaction ovens and systems where insulation magnet insulation is applied must be part of the magnet cost. Only the Nb 3 Sn conductors for ITER have been produced in large enough quantities needed to be able predict the cost of industrial scale Nb 3 Sn magnet production.
IV. FACTORS THAT AFFECT THE COST OF MGB 2 MAGNETS
The discovery that MgB 2 was superconducting at 39 K [16] led to a flurry of activity. There was excitement because Mg and B are cheap compared to any conductor that has niobium in it. It was quickly demonstrated that MgB 2 can be produced is wire form and in thin film form. The development of this conductor is still going on. In 2005, an open 0.5 T MRI magnet was demonstrated [17] , [18] . More recent papers have shown that H C 2 can be increased by doping the conductor [19] .
The advantage of MgB 2 is its higher critical temperature, which means that useful magnets can be operated at temperatures of 15 to 25 K. The disadvantages are similar to those of niobium tin. The cost of the superconductor in 2012 for a 0.8 mm strand was estimated to be ∼$3 m −1 [11] . The cost per kA-m was ∼$12, at 5 T, because the conductor J C is lower than for Nb-Ti. The cost of fabricating the magnet will be higher than for a Nb-Ti magnet, if the magnet is wound and then reacted for the same reasons that Nb 3 Sn wind-and-react magnets are more expensive. The savings in the cost of operating the magnet refrigeration may not offset the added cost of the magnet superconductor and the added cost of magnet fabrication [12] . This assessment could change.
V. FACTORS THAT AFFECT THE COST OF HTS MAGNETS
HTS magnets today are made from Bi2223 tape, Bi2212 powder in tube in multifilamentary wire form, which can be cabled, or 2G-ReBCO tape, which can be wound into a coil as is. Bi2223 tape can be wound after reaction as long as the bends during winding are large. Bi2212 in wire form generally must be reacted after winding. The reaction temperature is higher than that of Nb 3 Sn and the reaction is done in an oxygen atmosphere, which is not good if there is copper in the conductor. Recent data shows that when Bi2212 wire is reacted at pressures of 10 MPa, one can achieve an improvement of J C of about a factor of two [20] , but this adds to the cost of processing the magnet after it is wound into a coil. This only adds to the cost of a magnet.
ReBCO tape is insulated and wound as is. One has to be careful in making conductor splices. The cost of winding a magnet with ReBCO tape can be reasonable as long as there aren't too many of these resistive splices in the coil. Tape lengths must increase in order to reduce the splicing costs.
HTS conductors have a lot of problems; 1) The reaction process can be a real problem if a coil made from the HTS conductor is reacted after winding. 2) The HTS conductor is brittle after it is made a superconductor. 3) HTS conductors have a shorter coherence length than Nb-Ti or Nb 3 Sn, which makes the fabrication of persistent joints very difficult. 4) The J C of HTS conductors is sensitive to strain. 5) Most of these conductors have very little copper. Not having enough copper is not good for conductor stability or quenching. 6) In tape form HTS conductors are anisotropic. S/C magnetization can be a problem in some cases when the field is perpendicular to the tape. 7) Some BSCCO conductors are adversely affected when used in LHe. 8) Magnet quench protection is difficult at high stored energies [12] , [21] , which adds to the cost.
The cost of BSCCO conductors in tape form at T = 30 K with B = 2 T perpendicular to the conductor is ∼$52 per kA-m based on a cost per meter of $15.50 [11] . The cost of ReBCO tape at the same T and B is ∼$140 per kA-m based on the conductor used in [12] . In both cases, if the induction is parallel to the conductor surface at 2 T, the cost per kA-m goes down about a factor of two. As one goes up in magnetic induction, the conductor cost goes up and the effect of anisotropy gets worse. Any of these conductors will perform better at 4.2 K, but one pays more for the HTS conductor compared to Nb-Ti or Nb 3 Sn.
The ReBCO tape appears to be a better conductor because it takes a higher stress before degrading. This conductor doesn't degrade in performance when cooled in liquid helium. For both types of HTS conductor it is likely that extra copper is needed for magnet quench protection when the stored energy is above ∼50 kJ [12] . The extra copper increases the conductor cost.
A recent paper shows that the cost of the superconducting coils of an iron dominated superconducting solenoid using a 2G ReBCO react-and-wind tape would be about a factor of three higher than for a similar magnet coil and cryostat wound with Nb-Ti [12] . In the comparison, the ReBCO tape was used close to the magnet load line. The Nb-Ti had a very large temperature margin and it was used at a current that was <40 percent of the critical current along the load line. When the iron poles and return yokes are included, the use of the 2G tape increased the magnet cost by a factor of two.
Wind and react magnets made with HTS conductors have the same added costs as Nb 3 Sn magnets that are wound and reacted. These costs go beyond the cost of the conductor.
The technical uncertainty of the HTS magnet is higher than for the same magnet wound with Nb-Ti. As a result, the contingency on the cost must be higher. It is argued by some that the difference in the capital cost of the magnet can be recovered over the life of the magnet through savings in the cost of refrigeration. The study shown in [12] suggests that this cost recovery time is about forty years in the best of circumstances. By then, the magnet would be scrapped.
VI. CONCLUSION
It is difficult to do a budgetary estimate of the cost of magnets made with other superconductors besides Nb-Ti. In all of the cases studied the costs of fabricating the superconductor and processing the conductor and winding it in a coil are difficult to predict. With ITER style magnets, the costs will be known when the project is finished. So far, the cost savings per ampere-meter of Nb 3 Sn superconductor before reaction has not been as much as expected [22] . It is unrealistic to think that the cost of Nb 3 Sn before reaction will reach the level the cost of Nb-Ti. We may soon have the means of doing a budgetary cost prediction when using the ITER type Nb 3 Sn in ITER type magnets.
For accelerator magnets, we think that calculating the budgetary cost of these magnets is some time off. We won't be able to make a reliable estimate of cost of these magnets until we have developed the conductor that can be produced on an industrial scale. The reacting and insulating of the reacted magnets is difficult to predict without knowing how one will do this on an industrial scale.
Making a budgetary estimate of the cost of magnets made with MgB 2 may be possible in the next few years. To be cost competitive with Nb-Ti will require that the cost of this superconductor to come down a factor of two. These authors are hopeful that this can happen. These authors don't expect that MgB 2 will replace Nb-Ti for many applications.
HTS conductors have been developed for the electrical utility industry and HTS current leads. HTS leads are an enabling technology that allows small coolers to be used to cool-down and cool Nb-Ti and Nb 3 Sn magnets that are operated continuously from a power supply [23] , [24] . HTS leads are cost effective today. BSCCO will eventually find a place for very high field superconducting magnets, but these are magnets where cost is not a driving factor. These conductors will be used because they are the only conductors that are available to do the job. This is not something that can be easily predicted in a budgetary cost estimate.
ReBCO tape conductors can be used in magnets because they don't require reaction after winding. To be competitive with Nb-Ti, the cost of the conductor in dollars per kA-m must come down at least an order of magnitude. Conductors with reliable properties must be produced in long lengths in order to reduce the winding cost and the conductor splices. ReBCO tape conductors are difficult to produce in cable form for magnet applications. These cables will still have large magnetization circulating currents when the field is perpendicular to the conductor in the cable. This type of conductor may have application in high field insert magnets. Quench protection is an important issue when these conductors are used on magnets with high stored energies, because the quench propagation velocities within a magnet are low [12] . Quench protection costs will add to the cost of any magnet using this conductor.
In 2016, none of the other superconductors can compete with Nb-Ti in magnets with coil peak inductions <9 T. At this time, it is difficult to make a good budgetary magnet cost estimate using any of the other conductors in magnets.
